The endoplasmic reticulum (ER) stress response is increasingly implicated in the pathogenesis of viral infections. Results: Respiratory syncytial virus (RSV) infection induces the inositol-requiring enzyme 1 (IRE1) stress pathway. IRE1 activity inhibits RSV replication. Conclusion: ER stress may be a novel cellular anti-RSV defense mechanism. Significance: Identification of a novel regulator of RSV replication may have therapeutic implications. . 2 The abbreviations used are: RSV, respiratory syncytial virus; ER, endoplasmic reticulum; PERK, protein kinase R-like ER kinase; ATF, activated transcription factor; BiP, binding immunoglobulin protein; XBP, X box binding protein; ab, antibody; MOI, multiplicity of infection; MEF, mouse embryonic fibroblast; HTBE, human tracheobronchial epithelial.
Despite being a major health problem, respiratory syncytial virus (RSV) infections remain without specific therapy. Identification of novel host cellular responses that play a role in the pathogenesis of RSV infection is needed for therapeutic development. The endoplasmic reticulum (ER) stress response is an evolutionarily conserved cellular signaling cascade that has been implicated in multiple biological phenomena, including the pathogenesis of some viral infections. In this study, we investigate the role of the ER stress response in RSV infection using an in vitro A549 cell culture model. We found that RSV infection induces a non-canonical ER stress response with preferential activation of the inositol-requiring enzyme 1 (IRE1) and activated transcription factor 6 (ATF6) pathways with no concomitant significant activation of the protein kinase R-like ER kinase (PERK) pathway. Furthermore, we discovered that IRE1 has an inhibitory effect on RSV replication. Our data characterize, for the first time, the nature of the ER stress response in the setting of RSV infection and identify the IRE1 stress pathway as a novel cellular anti-RSV defense mechanism.
Respiratory syncytial virus (RSV) 2 is a major cause of human respiratory infections (1) . It is the leading cause of respiratory illness in young children. Almost all children acquire the infec-tion sometime during their first 2 years of life (2, 3) . Although protective immunity develops following an RSV infection, it is not long lasting. In fact, subjects at both ends of the age spectrum are most susceptible to infection, especially the ones with chronic cardiopulmonary diseases or immunosuppression (4) . In the elderly population, studies have shown the prevalence and clinical significance of RSV infection to be comparable with that of influenza virus (5) . To date, there are no effective pharmacologic therapies against RSV infection. Furthermore, and in contrast with influenza virus, attempts at developing an effective RSV vaccine have failed despite years of attempts (6, 7) . Therefore, further understanding of molecular mechanisms involved in the pathogenesis of RSV infection is needed to guide the development of new therapeutic strategies.
The endoplasmic reticulum (ER) stress response is an evolutionarily conserved cellular signaling cascade with an increasingly recognized range of effects. Although it has been originally understood as a molecular rescue mechanism aimed at restoring ER homeostasis during stress conditions, the ER stress response is now known to play a role in diverse biological processes including apoptosis, inflammation, and metabolism (8 -14) . Furthermore, ER stress has been shown to be involved in the pathogenesis of certain viruses. For instance, cellular apoptosis has been shown to be mediated by the ER stress response in the setting of Japanese encephalitis virus, bovine diarrhea virus, Tula virus, severe acute respiratory syndrome coronavirus (SARS-CoV), and West Nile virus infections (15) (16) (17) (18) (19) (20) . Oxidative stress in the setting of hepatitis C infection has been shown to be mediated by ER stress (21, 22) . We recently published a study showing that influenza A virus infection selectively activates the inositol-requiring enzyme 1 (IRE1) branch of the ER stress response and that this activation is essential for efficient viral replication (23) . Surprisingly, the role of ER stress in RSV infection is unknown.
The ER stress response consists of three signaling pathways. The upstream mediators are three ER-resident transmembrane proteins: activating transcription factor 6 (ATF6), protein kinase R-like ER kinase (PERK), and inositol-requiring enzyme 1 (IRE1). Under normal conditions, these three upstream medi-ators are bound to a major ER chaperone, binding immunoglobulin protein (BiP), at their luminal N-terminal side, preventing their activation. During ER stress, BiP is released from ATF6, PERK, and IRE1 because of competitive binding to the increasing levels of misfolded proteins in the ER lumen. This allows the activation of the ER stress response (24) . Recent work has found some systems in which not all arms of the ER stress response are activated equally. Alternative mechanisms by which some of these mediators, notably IRE1, sense ER stress and activate have been reported recently (25) (26) (27) .
IRE1 has two catalytic domains, an endoribonuclease domain and a kinase domain. The endonuclease activity is responsible for the non-conventional cytosolic splicing of a 26-base intron in the X box binding protein 1 (XBP1) mRNA, leading to a translational reading frameshift. The spliced XBP1 mRNA translates into an active transcription factor that drives the expression of genes involved in the ER-associated degradation machinery (9, 28, 29) . In contrast to the adaptive effects of its endonuclease function, the downstream effects of the IRE1 kinase function include phosphorylation of JNK and p38 MAP kinase, both of which are implicated in mediating some of the apoptotic effects of the ER stress response (9, 24, 28, 29) .
When released from BiP, ATF6 translocates to the Golgi, where it is cleaved by resident proteases. Cleaved ATF6 functions as a transcription factor for chaperone genes, one of which is BiP, thus improving the ER protein folding capacity (9) .
PERK homodimerizes when released from BiP, which induces its autophosphorylation and activation. PERK is a serine/threonine kinase that phosphorylates and inactivates eIF2␣ (eukaryotic translation initiation factor 2 ␣). Phosphorylation of eIF2␣ induces global shutdown of protein translation. Certain mRNAs, for example BiP mRNA, escape that inhibition and gain a translational advantage (9) .
In this study, we investigate the effects of RSV infection on the three arms of the ER stress response and describe a novel role for IRE1 activity as an inhibitor of RSV replication.
EXPERIMENTAL PROCEDURES
Reagents-Tunicamycin (catalog no. 654380) was purchased from Calbiochem. 3,5-Dibromosalicylaldehyde (catalog no.122130) was purchased from Sigma-Aldrich. Abs used in this study were obtained from a variety of sources. BiP ab (catalog no. cs-3183) and PERK ab (cs-13073) were obtained from Cell Signaling Technology (Beverly, MA). HRP-conjugated anti-rabbit (catalog no. sc-2004) and anti-mouse (catalog no. sc-2005) abs were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). ␤-actin ab (catalog no. ab-8226) and HRPconjugated GAPDH ab (catalog no. ab-9482) were obtained from Abcam (Cambridge, MA). RSV all-antigen ab (catalog no. B65860G) was obtained from Biodesign International (Saco, ME).
Epithelial Cell Culture and Viral Infection-A549 lung epithelial cells were obtained from the ATCC. A549 cells were used because they most closely mimic RSV observations in primary human airway cells (30 -33) . Cells were maintained in 75-cm 2 tissue culture flasks (Corning) in minimal essential medium (Invitrogen) with 10% FBS and gentamicin. For infection, cells at 80% confluency were infected with human RSV strain A-2 (multiplicity of infection (MOI) 1). Viral stocks were obtained from Advanced Biotechnologies (Columbia, MD). The initial stock (2.2 ϫ 10 7 pfu/ml) was placed in aliquots and kept frozen at Ϫ135°C. The virus was never refrozen.
Other Cells-IRE1 Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) and XBP1 Ϫ/Ϫ MEFs were prepared as described previously (34 -36) . IRE1 Ϫ/Ϫ , XBP1 Ϫ/Ϫ , and littermate wild-type control MEFs were maintained in 150-cm 2 tissue culture flasks (Corning) in high-glucose Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% FBS, L-glutamine, amino acids, non-essential amino acids, penicillin/streptomycin, and sodium pyruvate. Human tracheobronchial epithelial (HTBE) cells were obtained from Dr. Joseph Zabner and the Cell Culture Core under a protocol approved by the University of Iowa Institutional Review Board. Epithelial cells were isolated from tracheal and bronchial mucosa by enzymatic dissociation and cultured in Laboratory of Human Carcinogenesis 8e medium on plates coated with collagen/albumin for study up to passage 10 (37-40). Experiments were conducted using cells from at least three different donors.
Cellular Protein-Whole-cell protein extracts were prepared by lysis of cell monolayers in 200 ml of lysis buffer (50 mM Tris (pH 7.4), 150 mM NaCl, and 1% Nonidet P-40), a protease inhibitor mixture (Roche Applied Science), and a phosphatase inhibitor mixture (catalog no. 524625, Calbiochem). The lysates were sonicated for 20 s and kept at 4°C for 30 min. After 5 min of centrifugation (14,000 rpm at 4°C), the supernatant was saved as a whole-cell lysate. Protein determinations were made using a protein measurement kit (Bradford protein assay, catalog no. 500-0006) from Bio-Rad. Extracts were stored at Ϫ80°C.
Immunoblot Analysis-Protein (25-30 mg) was mixed 1:1 with 23 sample buffer (20% glycerol, 4% SDS, 10% 2-mercaptophenol, 0.05% bromphenol blue, and 1.25 M Tris (pH 6.8)), loaded onto a 12 or 15% (ISG15) SDS-PAGE gel, and run at 150 V for 90 min. Cell proteins were transferred to an immunoblot polyvinylidene difluoride membrane (Bio-Rad) with a Bio-Rad semidry transfer system according to the instructions of the manufacturer. The polyvinylidene difluoride membrane was then incubated with primary ab (dilutions 1:500 -1:1000) in 5% milk in Tris-buffered saline with 0.1% Tween 20 overnight. The blots were washed three times with Tris-buffered saline with 0.1% Tween 20 and incubated for 1 h with HRP-conjugated secondary anti-IgG ab (dilution 1:2000 -1:20,000). The blots were washed again three times with Tris-buffered saline with 0.1% Tween 20, and immunoreactive bands were developed using the chemiluminescent substrate ECL Plus (Amersham Biosciences, Piscataway, NJ). An autoradiograph was obtained with exposure times of 10 s to 2 min.
Luciferase Activity Assay-Firefly and Renilla luciferase activity was measured using the Dual-Luciferase reporter assay system from Promega (Madison, WI) according to the instructions of the manufacturer.
RNA Isolation-RNA was isolated from cells using a reagents from the MirVana kit (Applied Biosystems, Austin, TX) according to the instructions of the manufacturer. After preparation, RNA samples were stored in a Ϫ80°C freezer until use. RNA quality and quantity were assessed with an Experion auto-mated electrophoresis system (Bio-Rad) using the Experion RNA StdSens analysis kit according to the protocol of the manufacturer. RNA quality was considered adequate for use if the 28 S/18 S ratio was Ͼ1.2 and the RNA quality indicator was Ͼ7.
Real-time RT-PCR for mRNA Quantitation-Total RNA (1 g) was reverse-transcribed to cDNA using the iScript cDNA synthesis kit (Bio-Rad) following the instructions of the manufacturer. PCR reactions were performed using 2 l of cDNA and 48 l of master mix containing iQ SYBR Green Supermix (Bio-Rad), 15 pmol of forward primer, and 15 pmol of reverse primer in a CFX96 real-time PCR detection system (Bio-Rad) as follows: 3 min at 95°C followed by 40 cycles of 10 s at 95°C and 30 s at 55°C and plate reading. The fluorescence signal generated with SYBR Green I DNA dye was measured during the annealing steps. The specificity of the amplification was confirmed using a melting curve analysis. Data were collected and recorded by CFX Manager Software (Bio-Rad) and expressed as a function of threshold cycle (C T ). The relative quantity of the gene of interest was then normalized to the relative quantity of hypoxanthine phosphoribosyltransferase (⌬⌬C T ). The sample mRNA abundance was calculated by the equation 2 Ϫ( ⌬⌬CT) . Gene-specific primers were custom-synthesized and purchased from Integrated DNA Technologies (Iowa City, IA) on the basis of design using gene-specific nucleotide sequences from the National Center for Biotechnology Information sequence databases and the PrimerQuest Web interface (Integrated DNA Technologies).
XBP1 mRNA Splicing Assay-To determine the degree of XBP1 mRNA splicing, total cellular RNA was isolated as described above. Then, total XBP1 cDNA was synthesized and amplified using the Superscript III One Step RT PCR with platinum TaqDNA polymerase kit (catalog no.12574-018) (Invitrogen) following the instructions of the manufacturer. To amplify both the spliced and the unspliced variants of XBP1 cDNA, we used forward and reverse primers that circumvented the spliced segment. The PCR product was then separated by gel electrophoresis using a 10% acrylamide gel. Staining with a SYBR Green fluorescent dye was then performed for visualization of the separated DNA bands. The primer sequences used for the human and mouse XBP1 genes, respectively, were as follows: 5Ј-CCTTGTAGTTGAGAACCAGG-3Ј (forward) and 5Ј-GGGCTTGGTATATATGTGG-3Ј (reverse) and 5Ј-TTGTGGTTGAGAACCAGG-3Ј (forward) and 5Ј-TCCATG-GGAAGATGTTCTGG-3Ј (reverse). We also used another method to quantitatively measure spliced XBP1 mRNA. This was achieved by quantitative real-time RT-PCR using a primer set that selectively amplifies the spliced variant of the human XBP1 cDNA (41) . In this method, the forward primer is designed to span the 26-bp intron and, therefore, will only anneal to the spliced variant of the XBP1 cDNA. The primer sequences used for this method were 5Ј-GGTCTGCTGAGTC-CGCAGCAGG-3Ј (forward) and 5Ј-GGGCTTGGTATATAT-GTGG-3Ј (reverse).
Plaque Assay-Viral titers of infected cells were measured by standard plaque assay using 90% confluent Vero cells. Briefly, the supernatant and adherent cells were removed, sonicated for 20 s on ice as described, and frozen at Ϫ70°C to be assayed later by plaque assay. Vero cells were treated with serial 10-fold dilu-tions of the supernatant/lysed cell mixture. The cell cultures were incubated at 37°C, 5% CO 2 for 90 min with gentle rocking of the plates every 15 min. Overlay, consisting of Eagle's minimal essential medium (Cambrex), 10% FBS (JRH Biosciences), L-glutamine (Invitrogen), penicillin/streptomycin (Invitrogen), and 1% SeaKem ME-agarose (Cambrex) was prepared, and 4 ml of cooled overlay was added to each sample. Samples were gently swirled to mix and then allowed to cool in a laminar flow hood for 15 min. When the agar solidified, plates were incubated for 5 days at 37°C, 5% CO 2 . Cells were stained by adding 2 ml of neutral red (Fisher Scientific) overlay and incubated for 24 h. The next day, plaques were counted in each well over a light box, and the concentration of virus was calculated.
Statistical Analysis-Two-tailed Student's t test was used for group comparisons. Statistical significance was determined on the basis of a p value of less than 0.05.
RESULTS

RSV Infection Induces ER Stress-To determine whether RSV
infection leads to activation of the ER stress response, we infected A549 cells with RSV and measured the effect of the infection on expression of the downstream genes known to be transcriptionally activated during ER stress. To detect differences in ER stress markers, we set up our infection model to infect the majority of the cells in the system. Using immunofluorescent staining, we determined that infecting confluent A549 monolayer cell cultures with RSV at an MOI of 1 ensures 80% infectivity 12 h post-infection (data not shown). Therefore, an MOI of 1 was chosen for all subsequent experiments. For positive ER stress control, we treated cells with the N-linked glycosylation inhibitor tunicamycin (1 g/ml for 4 h), a known ER stress-inducing agent. We found that RSV infection induced transcription of a number of conventional ER stress genes (Fig.  1A) . The BiP gene, which encodes one of the major chaperones and is often considered a marker for ER stress, was induced at both the mRNA and protein levels (Fig. 1B) . These data are consistent with induction of the ER stress response by RSV infection.
RSV Infection Induces a Differential ER Stress Response-To better characterize the nature of the ER stress response induced by RSV, we examined the effect of infection on each of the three individual ER stress pathways: IRE1, ATF6, and PERK. One of the primary functions of IRE1 is splicing and removal of a 26-bp intron from an evolutionarily conserved ER stress transcription factor mRNA, XBP1. To determine the effect of RSV infection on IRE1 activity, we measured the degree of XBP1 mRNA splicing at 8 and 24 h post-RSV infection of A549 cells. This was done by isolating cellular RNA at the indicated time points and performing conventional PCR using primers that circumvent the spliced intron, thus allowing amplification of both the spliced and unspliced variants of XBP1 cDNA. The degree of splicing was then determined by separating the amplification product using gel electrophoresis followed by fluorescent staining (detailed under "Experimental Procedures"). Tunicamycin (1 g/ml for 4 h) was used as a positive control. Our results show that RSV infection leads to a time-dependent, statistically significant increase in XBP1 mRNA splicing ( Fig. 2A) . We also measured the degree of splicing of XBP1 mRNA by quantitative RT-PCR using a set of primers validated previously to amplify only the spliced variant (41) . The results also showed an increase in spliced XBP1 mRNA with RSV ( Fig. 2B) . These results demonstrate the activation of the IRE1 endonuclease by RSV infection.
We next investigated the effect of RSV infection on the ATF6 pathway. Note that the RSV-induced transcription of ER stress genes suggests activation of ATF6 because these genes are at least partially dependent on ATF6 for their full up-regulation (42, 43) . To detect ATF6 activity, we transfected cells with a plasmid encoding a firefly luciferase reporter gene under the control of five repeats of the ATF6 promoter. As a transfection control, cells were cotransfected with a Renilla luciferase reporter gene plasmid. We treated these cells with either tunicamycin (1 g/ml for 4 h), as a positive control, or RSV. Firefly luciferase activity was measured 8 h post-infection and normalized to Renilla luciferase activity. The results show higher activity levels in the RSV-infected and the tunicamycin-treated groups compared with the control, indicating that RSV infection activates the ATF6 pathway (Fig. 2C) .
To examine the PERK pathway, we performed a Western blot analysis using a PERK antibody on control cells and cells treated with tunicamycin (1 g/ml for 4 h) or RSV (for 24 h). When active, PERK dimerizes and autophosphorylates. Phosphorylation of PERK can be detected as a mobility shift on SDS-PAGE. A shift in migration of the PERK band was seen only in the tunicamycin-treated but not in the RSV-infected cells, indicating that RSV infection does not induce significant activation of the PERK pathway (Fig. 2D ). Taken together, these results indicate that RSV infection leads to a non-canonical ER stress response characterized by induction of the IRE1 and ATF6 pathways with no concomitant significant activation of the PERK pathway.
IRE1 Inhibits RSV Replication-We recently published a study showing that IRE1 activation is necessary for efficient replication of influenza A virus, another RNA respiratory virus (23) . Therefore, and in light of the pathway-specific activation of the ER stress response during RSV infection, we wanted to investigate whether IRE1 also plays a role in RSV replication. Surprisingly, our findings indicate a different role for IRE1 in RSV replication compared with its effect on influenza A virus.
To modulate the IRE1 endonuclease activity, we made use of a selective IRE1 endonuclease inhibitor, 3,5-dibromosalicylaldehide (IRE1 inhibitor) (23, 44) . A549 cells were infected with RSV and cotreated with the IRE1 inhibitor or vehicle as a control. Using Western blot analysis with a polyclonal all-antigen anti-RSV antibody, we found that viral protein expression is higher in the IRE1 inhibitor-treated cells in a dose-dependent manner (Fig. 3A) . Consistent with this finding, viral titers were also found to be higher in the supernatant of infected cells that are cotreated with the IRE1 inhibitor compared with vehicle ( Fig. 3B ). This suggests an inhibitory effect of the IRE1 endonuclease on RSV replication.
To test this hypothesis further, we conducted experiments using IRE1 KO MEFs along with wild-type littermate control MEFs. Cells were cultured in monolayers on tissue culture plates and infected with RSV at an MOI of 1. Consistent with our IRE1 pharmacologic inhibitor results, IRE1 knockout led to a significant increase in both RSV protein expression and viral titers (Fig. 3, C and D) . We also measured mRNA levels of two RSV genes, the G and the N genes, at 4 and 24 h post-infection. We found that mRNA levels were also increased in the IRE1 knockout cells (Fig. 3E ). Taken together, these results indicate that IRE1 inhibits RSV replication at an early stage of the replication cycle of the virus.
RSV Replication Is Not Affected by Altering the Downstream Signaling Effects of the IRE1 Stress Pathway-IRE1 endonuclease signaling is mediated by splicing of the XBP1 mRNA, allowing it to translate into an active transcription factor, thus resulting in gene expression changes. To investigate whether the IRE1-mediated inhibition of RSV replication is a downstream signaling effect of the IRE1 pathway or an upstream effect mediated directly by the IRE1 enzyme, we compared RSV replication in XBP1 knockout MEFs versus wild-type littermate control MEFs. Cells were infected with RSV at an MOI of 1. Using Western blot analysis, viral proteins were measured and found to be similar between the two groups of cells at different time points (Fig. 4A ). RSV G and N mRNA levels were measured at 4 and 24 h post-infection. A trend for slightly lower levels in the XBP1 knockout group was noted. However, the differences were not statistically significant (Fig. 4B ). Viral titers in the supernatant of the infected cells were measured at 24 h post-infection and were found to be similar (Fig. 4C ). To ensure that XBP1 was actually activated in the wild-type MEFs following RSV infection, we measured XBP1 mRNA splicing in infected wild-type MEFs at 8 and 24 h post-infection. This was done by total XBP1 PCR followed by gel electrophoresis, as described earlier. Tunicamycin (1 g/ml for 4 h) was used as a positive control. IRE1 knockout cells with or without tunicamycin treatment were also included as a negative control. The results show a time-dependent increase in the spliced XBP1 variant in response to RSV infection (Fig. 4D ). Taken together, these results indicate that IRE1 stress pathway signaling downstream of the XBP1 mRNA splicing has no effect on RSV replication. RSV and ER Stress in Primary HTBE Cells-A549 cells are a transformed cell line, hence their response to RSV infection may be different from that of primary respiratory epithelial cells. Therefore, we wanted to investigate whether ER stress also plays a role in RSV infection of primary HTBE cells. We reproduced a selected number of our findings in an in vitro primary HTBE cell culture model. HTBE cells were cultured in monolayers on collagen-coated plates and infected with RSV at an MOI of 1. Tunicamycin (1 g/ml for 4 h) was used as an ER stress positive control. Using quantitative real-time RT-PCR, we found that RSV infection leads to an increase in the expression level of BiP mRNA consistent with induction of the ER stress response (Fig. 5A ). We also found that RSV infection causes an increase in the level of spliced XBP1 mRNA consistent with activation of IRE1 endonuclease (Fig. 5B ). Further-more, we found that cotreatment of RSV-infected HTBE cells with the selective IRE1 endonuclease inhibitor 3,5-dibromosalicylaldehide leads to an increase in RSV protein expression, suggesting that IRE1 endonuclease activity inhibits RSV replication ( Fig. 5C ). Knowing that the IRE1 pathway is implicated in the ER-associated degradation machinery, we wanted to rule out the possibility of a generalized posttranslational glycoprotein stability effect of the IRE1 inhibitor. Therefore, we probed for the EGF receptor as a control cellular transmembrane glycoprotein and found it to be unchanged (Fig. 5C ). Taken together, and consistent with our previous A549 cell data, these results indicate that the ER stress response, and in particular IRE1, is induced by RSV infection and may modulate viral replication in primary HTBE cells.
DISCUSSION
In this work, we characterized, for the first time, the nature of the ER stress response induced by RSV using an in vitro A549 cell culture model. We showed that the infection leads to a non-canonical, preferential activation of the IRE1 and ATF6 pathways with no concomitant significant activation of the PERK pathway. This conclusion was reached on the basis of experimental data showing RSV-induced splicing of the XBP1 mRNA, transcriptional activation of ATF6-driven genes, and lack of significant PERK phosphorylation. Using a pharmacologically selective IRE1 endonuclease inhibitor as well as genetic IRE1 knockout as methods to modulate IRE1 activity, we also discovered that the IRE1 enzyme has an inhibitory effect on RSV replication. Then, using an XBP1 knockout cell line, we showed that the IRE1-mediated inhibition of RSV replication cannot be entirely the result of downstream signaling through XBP1 mRNA splicing. Finally, we reproduced a selected number of findings in HTBE cells, suggesting that IRE1 may also play a role in RSV replication in the primary cell line. During viral infection, viral protein synthesis will overload the protein translation and modification systems of the cell (15, 45) . Therefore, it makes sense that a viral infection will activate the ER stress response. Over the last decade, the ER stress response has been increasingly recognized to be activated in the setting of certain viral infections (15, 16, 19, 46 -49) . Interestingly, and through unknown mechanisms, different viruses have been shown to selectively induce different branches of the ER stress response. It has become clear lately that different conditions can result in very different ER stress responses. The mechanisms by which the different arms of the ER stress response are modulated are not fully understood. Along these lines, investigators have recently discovered novel modes of IRE1 activation through direct interaction with ligands at specific binding sites on both its luminal and cytosolic domains (25, 50 -52 . RSV replication is not affected by XBP1 knockout. A, Western blot analysis for RSV G, F, P, and M2-1 proteins performed at different time points on WT versus XBP1 KO MEFs infected with RSV at an MOI of 1. B, quantitative RT-PCR data for the G and N RSV genes at 4 and 24 h post-infection of wild-type versus XBP1 knockout MEFs. ns, not significant. C, viral titers measured from supernatant of RSV-infected wild-type versus XBP1 knockout MEFs 24 h post-infection. D, an XBP1 PCR amplification product containing both spliced and unspliced variants was separated by DNA gel electrophoresis. PCR amplification of total XBP1 cDNA was performed using primers that circumvented the spliced intron. Cellular RNA was isolated from the indicated groups. Tunicamycin (Tuni) was used at 1 g/ml for 4 h. A representative gel from three independent experiments is shown. Cont, control.
cialized secretory cells that are actively synthesizing and secreting large amounts of proteins and might be more sensitive to ER stress than other cell types. It is clear that the interaction between viruses and the ER stress pathways is complex and far from being completely understood.
In this work, we showed that IRE1 inhibits RSV replication. However, the complete mechanism of this interaction is still unclear. Investigators have recently discovered a novel function of IRE1 endonuclease, which is the regulated IRE1-dependent decay of messenger RNAs. In addition to XBP1 mRNA, IRE1 targets a variety of other mRNAs, contributing to their decay and, thus, a decrease in the translocation of nascent proteins to the ER. It is thought that the ER membrane-targeting sequence of the nascent translated protein is responsible for bringing the target mRNA into close proximity with the IRE1 enzyme. It is unclear whether IRE1 nonspecifically targets all mRNAs encoding transmembrane and secretory proteins or whether it specifically recognizes certain mRNA sequences for its regulated IRE1-dependent decay function (53) . Our results indicate that, in the presence of IRE1, RSV mRNA levels are lower and that this effect is not a downstream effect of XBP1 splicing. This suggests that RSV mRNA could be another regulated IRE1-dependent decay target for the IRE1 endonuclease.
We believe it is unlikely that the IRE1 kinase domain is responsible for RSV inhibition. This is because the downstream signaling of the IRE1 kinase, through activation of MAPKs, is not specific to IRE1. MAPKs have multiple common upstream mediators, notably TLR3 and TLR4, both of which are also known to be activated during RSV infection (54, 55) . Therefore, knocking out IRE1 would not necessarily abrogate MAPK signaling. The important role of the endonuclease domain, not the kinase domain, of IRE1 in RSV infection is also supported by our results showing enhanced RSV replication in response to the selective IRE1 endonuclease inhibitor.
Although more investigation is clearly needed to elucidate the mechanism of interaction between IRE1 and RSV, identification of the IRE1 stress pathway as a cellular anti-RSV defense mechanism is completely novel. Even though a number of our observations were reproduced in primary HTBE cells, this work does not comprise an in-depth mechanistic investigation in these cells. Therefore, and despite the shared similarities with the A549 data, we cannot formally exclude a different mecha- nism leading to the results observed in the primary HTBE cells. Furthermore, the in vivo relevance of these findings still needs to be investigated because this could pave the way to the development of novel therapeutic approaches against human RSV infection.
